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Nearly every spring since 1990, hydrographic data have been collected along a section in the Labrador
Sea known as AR7W. Since 1995, lowered acoustic doppler current proﬁler (LADCP) data have also been
collected. In this work we use data from six of these sections, spanning the time period 1995 through
2008, to determine absolute velocity across AR7W and analyze the main features of the general
circulation in the area. We ﬁnd that absolute velocity ﬁelds are characterized by strong, nearly
barotropic ﬂows all along the section, meaning there is no ‘‘level of no motion’’ for geostrophic velocity
calculations. There is strong variability from year to year, especially in the strength of the boundary
currents at each end; nevertheless, combining data from.all 6 sections yields a well-organized velocity
ﬁeld resembling that presented by Pickart and Spall (2007), except that our velocities tend to be
stronger: there is a cyclonic boundary current system with offshore recirculations at both ends of the
line; the interior is ﬁlled with virtually uniform, top-to-bottom bands of velocity with alternating signs.
At the southwestern end of the section, the LADCP data reveal a dual core of the Labrador Current at
times when horizontal resolution is adequate. At the northeastern end, the location of the recirculation
offshore of the boundary current is bimodal, and hence the apparent width of the boundary current is
bimodal as well. In the middle of the section, we have found a bottom current carrying overﬂow waters
along the Northwest Atlantic Mid-Ocean Channel, suggesting one of various possible fast routes for
those waters to reach the central Labrador Sea. We have used the hydrographic data to compute
geostrophic velocities, referenced to the LADCP proﬁles, as well as to compute ocean heat transport
across AR7W for four of our sections. For all but one year, these ﬂuxes are comparable to the mean air–
sea heat ﬂux that occurs between AR7W and Davis Strait from December to May (O(50–80 TW)), and
much larger than the annual average values (O(10–20 TW)).
& 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Fundamental to understanding the world’s climate system and
its variability is an understanding of the ocean’s participation in
redistributing heat meridionally through oceanic transport and
air–sea buoyancy ﬂuxes. Intimately tied to these processes is the
formation of deep and intermediate water masses that occurs as a
result of deep convection driven by air–sea ﬂuxes. It has long
been recognized that deep convective processes occurring in the
subpolar seas of the North Atlantic result in ventilation of
the intermediate and deep water masses of the world ocean, and
therefore fundamentally contribute to the meridional overturning
circulation. The deepest of these water masses form in the Nordic
Seas, spill over sills between Iceland and Greenland, as well as
Iceland and Scotland, and ﬂow cyclonically along the continental: þ1 508 457 2181.
Y-NC-ND license.slope as they navigate the Irminger and Labrador Seas. In the
Labrador and Irminger Seas, wintertime convection to intermediate
depths results in a water mass that is characteristically cold and
fresh relative to surrounding water: this process was long thought to
occur only in the central Labrador Sea, but more recent studies (e.g.,
Pickart et al., 2002) have identiﬁed other formation regions, which
produce different ‘‘ﬂavors’’ of intermediate water; see also
Yashayaev et al., 2007. These intermediate and deep waters depart
the subpolar seas primarily as part of the Deep Western Boundary
Current (DWBC). Warmer waters from the North Atlantic ﬂow
northward to replace them, and this exchange constitutes the
greater part of the ocean’s meridional overturning circulation MOC.
Fig. 1a schematically shows the general circulation of the
Labrador Sea. A boundary current circles the rim of the basin
cyclonically, comprising several components: the West Greenland
and Irminger Currents ﬂow over the continental shelf, shelfbreak
and slope on the eastern side of the basin, and the Labrador
Current over the shelf and slope on the western side. Waters of
Arctic origin join the boundary current ﬂow on the western side.
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Fig. 1. (a) Schematic of circulation in the Labrador Sea; (b) LADCP vector velocities averaged over the top 500 m (or to the bottom where shallower) for sites along the
AR7W line (in black). Each color represents a different year. Station positions have been projected normally onto the ‘‘standard’’ line (see text for more detail).
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also act as the conduit for the various water masses comprising
the DWBC as they navigate the subpolar gyre. Adjacent to these
boundary currents, Lavender et al. (2000), computing the absolute
mean velocity ﬁeld at 700 m based on trajectories of over 200
PALACE ﬂoats, found several elongated recirculation cells that
together form a slow anticyclonic ﬂow in the central basin (see,
e.g., Pickart and Spall, 2007, hereafter PS2007). These structures
are largely barotropic, and thus had not previously been identiﬁed
in the hydrography, underlining the importance of obtaining
direct current measurements. Obscuring aspects of the weaker
part of the mean circulation is a spatially variable, active eddy
ﬁeld (Lilly et al., 2003); some of these eddies are due to boundary
current instabilities and are important to restratiﬁcation follow-
ing deep convection in the Labrador Sea (Katsman et al., 2004).
Some direct measurements do exist. Fischer et al. (2004) and
Dengler et al. (2006) used several years of data from moored
arrays and LADCP proﬁles to examine the boundary current and
immediate recirculation near 531N and 551N on the western
boundary, but their measurements did not extend into the central
Labrador Sea. Likewise, Holliday et al. (2009) made limited direct
measurements of the eastern boundary current near 591N, but the
data were collected over a 2-month time span, and again were
conﬁned to the boundary. What we present here, for the ﬁrst
time, are absolute velocity sections crossing the entire basin along
AR7W, based on full-depth lowered ADCP velocity data.
Hydrographic observations have been collected annually along
the line known as AR7W (see Fig. 1; also Yashayaev, 2007, and
Yashayaev and Loder, 2009), which crosses the Labrador Sea in a
southwest to northeast direction, and cuts through the southern
edge of the primary interior convection region. These mostlyspringtime hydrographic cruises have been carried out primarily
by Bedford Institute of Oceanography (BIO) in Dartmouth, Nova
Scotia. Yashayaev (2007) has described the evolution of the
Labrador Sea Water (LSW) characteristics over the years, since
LSW carries a different T/S signature from year to year. Combining
mean hydrography along AR7W for a 7-year period (1990–1997)
with the mean ﬂow at 700 and 1500 m as deduced from Lavender
et al. (2000)’s proﬁling ﬂoats (1995–1999), PS2007 presented
absolute velocities for the full AR7W line. The results are a useful
ﬁrst step to quantifying the velocity ﬁeld for AR7W, but the heavy
averaging required obscures instantaneously strong barotropic
ﬂows. In addition, the method implicitly assumes stationarity of
the Labrador Sea circulation, an assumption that breaks down
when considering the decadal and longer scales of variability in
the strength of the subpolar gyre, such as described by Bo¨ning
et al., 2006 and Ha¨kkinen and Rhines (2004).
Here we present absolute velocity sections crossing the entire
basin along AR7W, based on full-depth lowered ADCP velocity
data collected during BIO’s annual hydrographic cruises. Each
section required 7–10 days to be occupied, and thus is nearly
synoptic. Recognizing a valuable opportunity, scientists from the
Woods Hole Oceanographic Institution (WHOI) and BIO coopera-
ted to collect these data in what began as an unfunded effort in
1995. In late 2006, we obtained funding to support processing and
analysis of the LADCP dataset, as well as the ongoing collection
of data.
In this work we report on the six sections we have processed
and analyzed so far, a sampling of data from 1995 to 2008. These
sections illustrate the barotropic nature of velocity all along
AR7W, the substantial variability of the boundary currents (and
indeed the ﬂow crossing the entire section), and what appear to
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describe the data collection and processing. Section 3 describes
the velocity ﬁelds observed in the LADCP data, and in Section 4
we use the LADCP to reference geostrophic velocities from the
hydrographic data, as well as examine ocean heat transport across
AR7W. We conclude with a brief discussion and implications for
future work.2. Data collection and processing
Beginning in the early 1990s, scientists at BIO (Fisheries and
Oceans Canada) have repeatedly occupied a line of stations that
stretches from the coast of Labrador at about 531400N north-
eastward to the coast of Greenland around 601300N. This work
began as part of the World Ocean Circulation Experiment, and has
continued, more recently, as part of the World Climate Research
Programme’s—Climate Variability and Predictability component
(CLIVAR), and the Canadian Atlantic Zone Off-Shelf Monitoring
Program (AZOMP). Hydrographic data from the AR7W line have
been discussed at length in several publications (e.g., Lazier et al.
2002; Yashayaev, 2007). Fig. 2(a–c) shows salinity, potential
temperature, and potential density ﬁelds averaged over the six
sections we use here (1995, 1996, 1998, 2001, 2003, 2008).
Although the properties evolved over that time span, the large-
scale patterns remain the same: the thick layer of low vertical
property gradients spans the ranges of upper and deep LSW.
These correspond roughly to 27.68osyo27.74 (kg m3) and
27.74osyo27.8. Below the LSW, at densities 27.8osyo27.88,
lies a thick layer of relatively saline water, the Northeast Atlantic
Deep Water, while the densest water is Denmark Strait Overﬂow
Water. On the eastern boundary, the warm and salty Irminger
Water (IW) occupies the depth range containing upper LSW over
much of the rest of the section; this water undergoes modiﬁcation
before it can reach the western boundary, where the DWBC
comprises the water masses listed above.
As noted above, lowered ADCP data have been collected along
with the hydrographic data most years beginning in 1995. Some
years were missed due to lack of instrument availability and
others have yet to be processed due to time constraints. A single
downward-facing 150 kHz broadband ADCP was used to collect
all the lowered ADCP (LADCP) data for each cruise. The LADCP
was typically set up to collect 16-m depth cells of single ping
ensembles. Burst sampling (alternating time between alternating
pings) was used to minimize effects of previous ping interference.
Bandwidth and other settings were applied to maximize instru-
ment range. The 150 kHz ADCP consistently exhibited ranges near
300 m in the upper ocean (o1500 m) dropping to around 150 m
in the deeper waters (43000 m). We therefore consider the
Labrador Sea a region of very good acoustic scatter and thus
conducive to good ADCP velocity measurements. The process of
deriving absolute velocity proﬁles from raw LADCP measure-
ments using the ‘‘shear method’’ was ﬁrst described by Firing
and Gordon (1990) and Fischer and Visbeck (1993). This method
involved differentiating consecutive velocity bins within indivi-
dual proﬁles to derive a series of overlapping shear proﬁles. These
were then integrated to obtain a horizontal velocity proﬁle
relative to an unknown constant of integration. The proﬁle was
then referenced to bottom track absolute velocity derived from
LADCP measurements within range of the bottom or ship drift
over the time of the cast as determined from navigation data. The
LADCP processing techniques were later further developed to
allow for the use of multiple referencing constraints. The ‘‘inverse
method’’ involves solving a set of linear equations to separate
ocean and instrument velocities while applying a combination of
velocity referencing constraints (Visbeck, 2002). Bottom trackingand navigation data were used as constraints for the inverse
solution in most cases. Two of the cruises also used shipboard
ADCP as a constraint. In a few cases, some stations did not have
adequate bottom tracking to be included as a constraint. Depth of
the package was usually obtained from the CTD pressure sensor
(or by integrating vertical velocity if sensor was unavailable). GPS
data were collected concurrently with the CTD to avoid possible
clock mismatch related errors. Compass calibration of the ADCP
was performed prior to each cruise. Using the inverse method
with at least two referencing constraints simultaneously has been
found to yield rms velocity errors of o3 cm/s (Thurnherr, 2010).
The data were de-tided using a regional tidal model (Egbert and
Erofeeva, 2002), which incorporates satellite altimetry observa-
tions to predict the barotropic tidal velocity. The version imple-
mented was the 1/121 North Atlantic model, which solved for
the eight tidal constituents M2, S2, N2, K2, K1, O1, P1, and Q1.
The model was evaluated at each time/location associated with
the midway time of each cast. Baroclinic tides are not expected to
be signiﬁcant on the relatively ﬂat shelf. In deeper water past the
shelfbreak, baroclinic tides are negligible.
Each time the AR7W line is occupied, an attempt is made to
occupy 28 standard sites with spacing of 55 km mid-basin and
15–30 km close to the boundaries and over steep topography
(Lazier et al., 2002). Additional stations may be occupied in strong
mesoscale eddies or other features of interest. Inconsistent cover-
age of the line may occur due to inclement weather, instrument
problems, or other delays. LADCP data over the broad shelf at the
southwestern end of the line are available for only two occupa-
tions (2001, 2003). In 1998, dense ice coverage prevented data
acquisition at the far northeastern end of the line, so the
boundary current there was missed. Nevertheless, a fairly robust
picture of the absolute velocity ﬁeld has emerged by considering
the available data from six occupations of the AR7W line.
In this paper, the primary focus is on velocity ﬁelds derived from
the LADCP data alone. For the boundary currents, we compare our
results with other direct measurements in nearby locations. The
LADCP velocities also display a very active interior ﬂow ﬁeld, with
strong depth-averaged velocities along all of AR7W. This stands in
stark contrast to the nearly quiescent interior ﬂow depicted by
PS2007’s mean circulation. As a secondary focus, we use the LADCP
measurements to reference geostrophic velocities calculated from
hydrographic data. An important result of this work is that there is
no ‘‘reference level of no motion’’ anywhere along AR7W. Third, for
several of the sections with particularly complete station coverage,
we use mass conservation and a simple inverse model to estimate
ocean heat transport crossing AR7W (in either direction), and put it
into context with air–sea surface heat ﬂuxes and ocean heat storage
north of AR7W.3. Results: Directly observed LADCP velocities
Fig. 1b shows the location of AR7W in the Labrador Sea, as well
as vector velocities measured by the LADCP (averaged over 0–
500 m, or to the bottom where the depth is shallower than 500 m)
for the 6 occupations that we have processed so far. Station
positions have been projected normally onto the AR7W line. This
ﬁgure illustrates the salient points of the circulation: on the
western end, the 0–500 m velocities in the boundary current
can be as strong as 40–50 cm s1, while on the east they are
even larger, as high as 60 cm s1. Just offshore of both boundary
currents, velocities reverse direction over a narrow swath: these
are the recirculations previously observed by Lavender et al.
(2000) and discussed further in PS2007. Although the interior
ﬂows are weaker, they are by no means negligible, and since the
Fig. 2. Salinity (a), potential temperature (b) and potential density (c) along the AR7W section based on 6 occupations between 1995 and 2008.
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M.M. Hall et al. / Deep-Sea Research I 72 (2013) 72–8776ﬂow is largely unidirectional from top to bottom (as we will see
later), the vector velocities shown in Fig. 1b are generally
representative of velocity direction throughout the water column.
Since we are interested in evaluating transports crossing the
AR7W line, we have rotated the velocities into a coordinate system
with axes along and orthogonal to the AR7W line (speciﬁcally, the
rotation angle is 60 degrees in the counterclockwise direction).
Although there are signiﬁcant along-track velocities in locations
distant from the boundaries with their steep topography, they doFig. 3. Cross-track component of LADCP velocities for 6 occupations of AR7W as indicat
60 degrees counterclockwise to obtain along- and cross-track components (along-trac
(negative) velocities are poleward (equatorward), shown in pink (blue). Velocity scalesnot contribute to cross-track ﬂow, and are not discussed in this
work. Fig. 3 shows cross-track velocity sections for all years that
we are presenting here. Our sign convention is such that positive
velocities, shown in pink/red, are poleward relative to AR7W
(i.e., north-northwestward) while negative velocities (blue) are
equatorward (i.e., south–southeastward). LADCP station locations
are indicated at the top of each velocity section: typically, station
spacing is 10–15 km in the boundary currents (over the steep
topography) and 30–50 km elsewhere, but note that in 2001 theed. Southwest is on the left and northeast on the right. Velocities have been rotated
k not shown), and then projected onto the standard line before plotting. Positive
vary.
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Fig. 4. Cumulative transport curves for the boundary currents in all years (colors
correspond to those of vectors in Fig. 1). At both ends, absolute boundary current
transport is integrated from zero at the limits of observation, Xmin or Xmax, towards
the interior. Also shown is the entire cumulative transport curve for the composite
velocity ﬁeld (black curve). For comparison with the boundary current curves,
regions of positive slope on the composite curve correspond to equatorward
velocity and vice versa. Units are Sv (1 Sv¼106 m3 s1). On the west, curves start
at -10 km or else at roughly the ﬁrst station position; likewise, on the east, they
terminate at 760 km or the last station position (move this to caption).
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spacing around 110 km). Away from the boundary currents, station
spacing is not adequate for resolving eddies, a fact that will be
important later in considering mass balance.
In Fig. 3, what immediately stands out is how barotropic the
ﬂow is everywhere along the sections. Alternating bands of top-
to-bottom unidirectional ﬂow characterize the cross-track velo-
cities almost everywhere. This may be one of the most important
conclusions to come out of these observations: that, while the
velocities display vertical shear, there is clearly no ‘‘level of no
motion’’ to which geostrophic velocities could be referenced, and
depth-averaged velocities tend to be strong. Boundary currents
conﬁned to the topographic slopes on either end are robust
features of every occupation, though they differ in strength and
extent from one section to the next. In 2001 and 2003, when
spatial resolution was adequate, the LADCP data reveal a dual core
of the Labrador Current (LC): inshore is the classic, shallower
current, while the deep LC lies offshore, roughly over the 1500–
2000 m isobath. Lazier and Wright (1993) observed and described
this dual core in their seminal paper discussing annual variations
in LC transport. In our observations, the inner current carries
1.6 Sv in 2001 and 3.5 Sv in 2003; the offshore current carries 5 Sv
and extends down to 800 m in 2001, with 9.2 Sv occurring in
2003, when it reached about 900 m. The density contours at the
western end of the section for these years (not shown) conﬁrm the
presence of a dual current core: approaching the coastline, isopyc-
nals shallower than about 1500 m plunge downward beneath the
deep expression; they then rise slightly before tending downward
once more beneath the inshore LC. Other sections lacked adequate
coverage to reveal the dual core.
The recirculations that are expected offshore of the boundary
currents are indeed present, but display much variability from
year to year, especially on the eastern end: there, a bimodality
seems to exist in the current structure. In all years, there is
reverse ﬂow offshore of the eastern boundary current (EBC).
However, the location at which the zero velocity contour occurs
alternates between about 680–700 km and 640–650 km. When
the current is tightly conﬁned to the slope, as in 2003 and 1995,
there is a distinct, narrow band of return ﬂow just offshore of the
boundary current. In other cases, the EBC is wide, and offshore lies
a broader (and somewhat weaker) reverse ﬂow. At the southwest
end of the section, the western boundary current (WBC) tends to
either lie entirely inshore of X¼150 km or extend out to nearly
200 km: for 1995 and 2008, only the deeper portion does so; in
1998 the top-to-bottom current does. The region of reverse ﬂow
offshore is about 100 km wide except in 1996, but its intensity
varies considerably (compare, e.g., 2001 and 2003). To formally
prove that the offshore reverse ﬂows actually recirculate some
boundary current water, one would need to consider both the
water properties and the along-track velocity component. How-
ever, the full basin circulation deduced from ﬂoat data by
Lavender et al. (2000) indicates that the countercurrents exist as
parts of closed, localized cyclonic circulation.
To quantify transports and facilitate comparisons of cross-section
velocities for different years, we have objectively mapped and
gridded the observations. Details of this process are in Appendix.
Fig. 4 shows cumulative transport curves at the western and eastern
ends of the section. Each curve is pinned to zero transport at the
boundaries of the plot and represents transport integration directed
to the center of the line, so that the peak of each transport curve on
both ends is equal to the magnitude of the measured boundary
current transport. Successive curves are offset by 15 Sv, because
they would otherwise coincide too closely for details to be visible.
Some of the curves extend into the recirculation regions: the curves
are terminated where station spacing becomes too large (as a
rule larger than 30 km). The transport over the southwestern shelf,omitted in Fig. 4, is 1.5–1.9 Sv of equatorward ﬂow, based on the
two years (2001, 2003) for which we have LADCP data there.
Note that in Fig. 4 the transport curves at the eastern end reach
higher levels than their counterparts on the west in 1996, 2001,
and 2003. No data were available at the eastern end for 1998. In
1995, EBC transport integrated beyond the narrow band of
reverse ﬂow occurring at about 690 km also exceeds WBC trans-
port. For 2008, comparable transport is computed at both ends,
but the section terminates at 730 km; comparison with 2001 and
2003 suggests that some 3–4 Sv of transport occurs onshore of
730 km. Examination of the hydrographic property sections
(Fig. 2a–c) shows that the warm, saline Irminger Current water
entering the basin on the eastern end does not make it around the
perimeter to the western boundary current, suggesting that much
of the transport difference between the eastern and western
boundary ﬂows is associated with loss of the warmer water into
the central Labrador Sea (e.g., through instability processes),
where it undergoes heat loss to the atmosphere; we return to
this idea in Section 4.1.
Table 1 shows western and eastern boundary current trans-
ports for each occupation: these differ somewhat from values
implied in Fig. 4 because we have considered only the poleward
(or equatorward) ﬂow inshore of the zero velocity contour on
each boundary, with the exception of waters over the inner shelf
at the southwestern end. In order to compare with other authors’
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M.M. Hall et al. / Deep-Sea Research I 72 (2013) 72–8778estimates, we have used the CTD data to determine transport in
4 density layers: the three deepest layers roughly correspond to
Labrador Sea Water (LSW), Northeast Atlantic Deep Water, and
Denmark Strait Overﬂow Water. The top layer deepens consider-
ably from 1995 to 2003, as very little deep winter convection
occurred after 1994 (Yashayaev, 2007). Results from other studies
for the western boundary in nearby locations are included in
Table 1.
Boundary current transports range from as low as 22 Sv to as
high as about 55 Sv, for both east and west; for 1996, 2001 and
2003, higher transport values occur in the eastern boundary
currents, as in Fig. 4. The low EBC transport for 1995 is due to
including only those waters inshore of the narrow reverse ﬂow.
Although EBC transport in 2008 may again be underestimated,
other evidence suggests that no loss of IW from the boundary
current occurred in 2008: Yashayaev and Loder (2009) found no
sign of cooling of Irminger Current water from the eastern to the
western boundary for the 2008 section, suggesting no loss of IW
from the boundary current. Strong variability in boundary current
transports is not surprising: Fischer et al. (2004), using data from
a moored array, determined that short-term (i.e., intraseasonal)
variability introduced the largest source of uncertainty in their
mean WBC ﬂow at 531N, with a range of 15–35 Sv for sy427.74
(see also Fischer et al., 2010). This variability swamps seasonal
and interannual variability, estimated from satellite data to be
O(5–6 Sv) each (Han and Tang, 1999, 2001), and is also much
larger than instrument errors would introduce in the calculation:
the area of the boundary current with sy427.74 is about
1.74108 m2. Thus, the measurement error ofo3 cm s1 would
lead to a maximum transport error of 5.2 Sv.
Fischer et al. (2004) and Dengler et al. (2006) also present time
averaged values of WBC transport; because of the spread in our
individual section estimates, we compare these with our mean
transport values. Our mean WBC transport (33.1 Sv) is lower than
their values (37.7 Sv for Fischer et al. 2004; 35 Sv for Dengler
et al., 2006), though for their early reporting period, 1996–1999,
Dengler et al. (2006) found a value of 31.8 Sv. The boundary
current throughput computed by PS2007 is 28.5 Sv. The mean
transport that we present also shows a somewhat different
distribution of transport in density classes than either Fischer
et al. (2004) or Dengler et al. (2006); somewhat puzzling is that
we consistently ﬁnd less (7–8 Sv) in the dense water (sy427.8)
than do the other studies (12–15 Sv). Such a large amount cannot
be accounted for merely by instrument error or undersampling.
This part of the current is approximately 80 km wide and 1000 m
thick, so a systematic bias of more than 6 cm s1 would be
required to account for 5 Sv. But, as noted above, the LADCP
measurements are accurate to o3 cm s1. It is also possible that
the LADCP velocity proﬁles missed the peak velocity in the deep
boundary current. For example, two stations separated by 30 km
might measure peak velocities of 20 cm s1. If the true maximum
were 40 cm s1midway between the stations, and extended over
500 m depth, transport would be under-estimated by 1.5 Sv. Thus,
the maximum error due to a combination of measurement error
(about 2.5 Sv) and under-sampling (1.5 Sv) in this case would be
about 4 Sv, less than the actual measured difference. We therefore
conclude that the measured difference is real, and due to temporal
variations in the current.
Few observations are available for comparison with our EBC
transports. Holliday et al. (2009) report on an August–September
2005 CTD and LADCP survey of the currents around the tip of
Greenland, and include a section in the Labrador Sea about
150 km to the southeast of AR7W, where the shelf and slope are
somewhat broader and less steep than they are in our section.
They used a different isopycnal to divide the top two layers:
Table 1b shows Holliday et al. (2009)’s and our transports for the
M.M. Hall et al. / Deep-Sea Research I 72 (2013) 72–87 79EBC in these layers. The differences in both the layer and total
transports are large, but we speculate that time variability has
more to do with this than factors such as topography or the
presence (or not) of recirculations. Our transport values for the
water denser than sy¼27.8 are comparable to those that Holliday
et al. (2009) found for their Irminger Sea and Eirik Ridge sections,
but only half of their value for the Labrador Sea section. In
accounting for the differences between the sections in their own
work, they concluded that both recirculation and time variability
(in particular, ‘‘synoptic errors introduced by mesoscale activity’’)
are responsible for the difference. Given the broad range of EBC
transports in all the layers for the different occupations of AR7W,
and the fact that they come from a different time of year than the
Holliday et al. values, we should probably not expect the different
estimates to agree. Furthermore, the bimodality in the current
structure at the eastern end is associated with transport differ-
ences: lower transports occur for the case of a more conﬁned,
narrower EBC. Mean boundary current transports in Table 1 show
5 Sv more in the EBC than in the WBC, nearly all of which occurs
in waters lighter than sy¼27.74. This result is consistent with the
hypothesis that much of the warm and salty Irminger Water
entering the Labrador Sea from the southeast corner of the basin
leaves the boundary current instead of circling the basin and
exiting on the western side. Some of this Irminger Water ends up
in the central Labrador Sea due to instabilities of the boundary
current (e.g., Katsman et al., 2004), and some continues north-
ward into Bafﬁn Bay (Cuny et al., 2005, note a 1.2 Sv northward
ﬂow through Davis Strait at its eastern end).0
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Fig. 5. (a) Composite cross-track velocity section based on LADCP proﬁles from 6 occu
computed as described in text.Myers et al. (2007) used historical data along three sections in
the West Greenland Current to study variability of the IW there.
For the time period 1995–2005, they found 4.9 Sv at the Cape
Farewell Section 3.1 Sv at Cape Desolation, and 0.8 Sv at Paamiut
(going from south to north, i.e., downstream in the West Green-
land Current). The Cape Desolation section lies just north of
AR7W, and the loss of 2.3 Sv of IW downstream appears to be
roughly consistent with our results. Such a comparison is proble-
matic, however, for several reasons: ﬁrst, their results are based
on geostrophic velocities relative to 700 dbars, with barotropic
adjustments of 5–7 cm s1. Velocities shown in Fig. 3 at this
depth on the eastern end of AR7W are considerably higher.
Second, the Paamiut section lies north of the recirculation region,
so a downstream decrease in northward ﬂowing IW is expected
without necessarily implying loss to the center of the Labrador
Sea. Third, our results hold for water lighter than sy¼27.74, and
generally this isopycnal lies deeper than 700 dbars, the limit of
their calculation, so the estimates are not entirely comparable.3.1. Composite velocity ﬁeld
Fig. 5a shows a composite velocity section based on the 6 years
of LADCP data we present here. To construct it, individual sections
were mapped with 20-km horizontal and 25-m vertical smooth-
ing scales; we assign NaN’s to grid points that are too distant from
the nearest stations to allow an estimate. We then averaged these
6 sections, including only the real (non-Nan) values at each grid0
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M.M. Hall et al. / Deep-Sea Research I 72 (2013) 72–8780point; the number of sections used in each grid point gives the
degrees of freedom N for the estimate. A standard error SE of the
mean is computed equal to the standard deviation divided by ON
(Fig. 5b). This is compared with the mean velocity to obtain a
signal-to-noise ratio, shown in Fig. 5c.
In the western boundary current, the composite largely
smoothes over the double core of the Labrador Current; at the
eastern end, it splits the difference between the two modes of
recirculation noted above, and the result is a rather weak and
conﬁned region of reverse ﬂow between about 600 and 650 km.
The recirculation offshore of the WBC is more robust (both
stronger and wider), reﬂecting the consistency seen in this feature
from one occupation to the next. Comparing our composite with
the absolute velocity section of PS2007 (their Fig. 3a), we ﬁnd that
the two are qualitatively similar but quantitatively different. Both
sections show strong boundary currents at either end of AR7W,
with some offshore recirculation. The interior in both is ﬁlled
with top-to-bottom bands of alternating velocity. However,
in our composite the boundary currents are more conﬁned to
the continental slope, with the zero velocity contour occurring
about 50 km farther onshore than in PS2007. Maximum current
strength in the boundary currents is comparable for the two
sections, but interior ﬂows in PS2007’s depiction are much
weaker than ours, by a factor of about 5. Because of the quiescent
nature of their interior velocities, PS2007 were able to clearly
identify the boundary current ‘‘throughput’’ from any recirculat-
ing ﬂow. Such a separation is not possible for our sections, owing
to the vigor of all interior ﬂow.
The cumulative transport curve for the composite ﬁeld is
shown in Fig. 4 (black curve). Like the individual occupations,
the composite ﬁeld has a stronger eastern than western boundary
current; the curve does not terminate at zero, indicating that a net
of 3 Sv ﬂows north across AR7W; over the southwestern shelf (not
shown), 1.7 Sv ﬂow south, partly balancing this transport. To the
north of AR7W, the Labrador basin is closed except at Davis Strait
and Hudson Strait. Curry et al. (2011) report an annual net south-
ward ﬂow through Davis Strait of 2.3 Sv (closer to 4 Sv during
spring). Measurements from Drinkwater (1988) imply negligible net
transports through Hudson Strait. Our result combined with the
mean ﬂow through Davis Strait implies a net convergence of 3.6 Sv
in the volume between AR7W and Davis Strait, which is impossible,
in the absence of sea level rise. It would be a mistake to attach too
much importance to this imbalance since, as we have noted, a
typical survey takes about a week. Additionally, the 55-km station
spacing over the interior is too large to resolve mesoscale eddies,
which may bias the transport. The contribution of river runoff to
mass balance is orders of magnitude smaller (see Section 4.1).
In Fig. 5c, there are large swaths of the section where the SNR
is less than one: these areas occur in the interior portions where
sampling was sometimes sparse and the location of the zero
velocity contour varied from section to section. The boundary
current signals are strong, as would be expected. At the eastern
end, the varying location of the recirculation leads to a low SNR,
while the western recirculation has a robust signal around 200–
250 km. The region of low SNR between this location and the
western boundary current is the result of the varying location of
the offshore edge of the WBC.
Boundary current transports for the composite section are also
given in Table 1: these values are slightly lower than for the
means of the individual years, because the regions of positive-
only (or negative-only) velocity are smaller, since the composite
inherently smoothes over extremes. For the composite velocity
ﬁeld, transport of water lighter than sy¼27.74 decreases from
18.8 Sv in the EBC to 14.5 Sv in the WBC, a change of 4.3 Sv. Based
on the values of SNR in the boundary currents, transport errors
due to sampling are on the order of 20% for the western boundary(76 Sv) and 25–30% for the eastern boundary (78–10 Sv).
Transport errors due to instrument error are expected to be the
same as or smaller than those for individual sections (72.5 Sv,
see above), since the composite ﬁeld is essentially a smoothing
process.
Of particular interest in Fig. 5a is a bottom-intensiﬁed south-
eastward ﬂow centered more or less over the trench near 400 km;
high values of the SNR in Fig. 5c at this location indicate that it is a
robust feature. Indeed, the same feature can be seen in the cross-
track velocity for at least 3 of the individual sections, in 1996
(Fig. 3b), 1998 (Fig. 3c) and 2008 (Fig. 3f); in 1996, the signal is
even stronger when viewed in geographical coordinates, as a
southward ﬂow. In 2001, though not obvious in cross-stream
coordinates, the current is visible in a bottom intensiﬁed south-
ward ﬂow. The ﬂow was not detected in the 2003 velocity section,
and in 1995 no LADCP data were collected at that location.
Yashayaev and Dickson (2008) have noted the rapidity with
which signals of hydrographic change in the densest overﬂow
waters, entering the Labrador Sea around the southern tip of
Greenland, can spread to the interior of the basin. This trench
along the northwest–southeast axis of the Labrador Sea has been
termed the Northwest Atlantic Mid-Ocean Channel (NAMOC) and
has been recognized as a turbidity current pathway by petrolo-
gists (e.g., Chough and Hesse, 1980; Chough et al., 1987). We
hypothesize that it also provides a pathway for Denmark Strait
Overﬂow Water to reach the central Labrador Sea with little
delay. Another small channel crosses the NAMOC in a direction
very nearly aligned with the AR7W track, the two intersecting at
one of the standard AR7W stations (around 410 km in Fig. 3): this
may account for the varying direction of the bottom ﬂow. From
the composite velocity section, we estimate that roughly 0.2 Sv
of transport occurs in this current, i.e., as much as 10% of the
Denmark Straits Overﬂow crossing the Greenland–Iceland Ridge.
We believe that these are the ﬁrst direct measurements of this
abyssal current. At this time there is scant data for examining this
feature in more detail, but further investigation of its vertical and
horizontal structure, as well as seasonal and longer-term varia-
bility, is warranted.4. Comparison with geostrophic velocities
One goal of collecting the LADCP data was to provide reference
level information for geostrophic velocity calculations. Geostro-
phy inherently smoothes over small vertical scales, as dynamic
height is an integral of speciﬁc volume anomaly, and horizontal
spatial scales can be resolved only to the station spacing. It also
suppresses the ageostrophic velocity components that LADCP
data may include. Because the dynamic method yields only
baroclinic velocities, we expect this geostrophic velocity ﬁeld to
evolve over the baroclinic time scale – that is, more slowly than
the barotropic velocities may change – and therefore to be
worthwhile examining if we seek to understand the larger scale
ﬂow crossing AR7W. However, since the interior of the section
displays substantial bottom velocities (Fig. 3a–f), the LADCP data
are indispensable for estimating the absolute geostrophic velo-
cities, as opposed to bottom-relative ones.
Geostrophic velocities have been calculated relative to the
deepest common level (DCL) of each station pair, with constant
velocity below that (i.e., bottom velocity equals zero before any
barotropic contribution is added). To compare this proﬁle with
the LADCP data, we average the two LADCP proﬁles from the
two CTD stations used in computing the geostrophic proﬁle,
again down to the DCL for the two stations. We then take the
depth average of each of these proﬁles above the DCL, and the
offset is taken to be the reference velocity to add to the geostrophic
M.M. Hall et al. / Deep-Sea Research I 72 (2013) 72–87 81proﬁle: in our case, it is also the bottom velocity for the geostrophic
proﬁles. This approach works especially well where the vertical
shear is strong, i.e., in the boundary currents: Fig. 6a presents
examples in the eastern boundary current for 1995, and the western
boundary current for 1996. In the interior, vertical shear is often
weaker in the geostrophic proﬁle, and though it is not obvious that
averaging two LADCP proﬁles should yield a similar shear, the
comparison between the average LADCP proﬁle and the geostrophic
velocity is still often very good (Fig. 6b). Frequently, the worst
comparisons occur when the 2 LADCP proﬁles from the individual
stations differ substantially (Fig. 6c), suggesting that the proﬁles
come from different features of the ﬂow. For consistency, however,
we apply the same methodology over all station pairs. This method
has been used successfully before (Joyce et al., 2001; Hall et al.,
2004) under similar circumstances, i.e., a trans-basin section cross-
ing boundary currents. Because velocities measured by the ADCP
include ageostrophic effects, especially in the upper layers, we have0 0.2 0.4 0.6
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Fig. 7 shows the geostrophic velocity for 2008 referenced to the
bottom/DCL (Fig. 7a) and with the LADCP-based reference velocity
added in (Fig. 7b). By comparison with the LADCP velocities for
2008 (Fig. 3f), there is less vertical structure in the interior of the
ﬂow for the geostrophic section. Nevertheless, the transport is
dominated by contributions from the reference velocities, so
the cumulative transport curve for LADCP-referenced geostrophic
velocity is quite similar to that for the LADCP alone (Fig. 7c): this is
true of all the sections we have examined, and is to be expected, as
it is the result of the vigorous interior velocity ﬁeld revealed by
the LADCP. Note, however, that even in the boundary currents
the bottom-relative geostrophic velocities are much weaker than
LADCP velocities, owing to strong barotropic contributions. For all−0.2 −0.1 0 0.1 0.2
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geostrophic velocity has a shape similar to that shown for 2008
in Fig. 7c; the cumulative transport curves for LADCP-referenced
geostrophic velocity closely resemble the full-section cumulative
transport curves from the LADCP alone (not shown).
It is instructive to compare our results with Kieke and Rhein
(2006), who used historical hydrographic data to examine varia-
bility of overﬂow transports in the Irminger and Labrador Seas.
Due to the sparsity of direct measurements, they used 1400 dbars
as a reference level, since it is in the weakly stratiﬁed LSW. They
concluded that there is a baroclinic cyclonic circulation of 7–8 Sv
in the Labrador Sea; we ﬁnd 4.9–8.4 Sv of southward ﬂowing
overﬂow waters (sy427.8) at the western boundary, with a
mean of 6.8 Sv. However, in the western recirculation zones of
AR7W, the LADCP velocities show shear that is either negligible or
the same sign as that in the boundary current itself (Fig. 3a–f).
Thus, the southward transport of overﬂow waters calculated in
this way includes some recirculation, which should be going
northward. Indeed, there is no way to determine the boundary
between the boundary current and the recirculation based on
baroclinic velocities alone. At the eastern boundary, a 1400-dbar
reference level gives deep velocities that are the wrong sign in
both the boundary current and recirculation, which explains why
the eastern end of Kieke and Rhein’s (2006) cumulative transport
curves (their Fig. 5) suggest southward ﬂow right next to the
eastern boundary.
4.1. Ocean heat transport
The Labrador Sea Deep Convection Experiment was a large
collaborative effort that began in the late 1990s to directly
observe deep convection and use the results to guide modeling
efforts to better understand the physics of this process (Lab
Sea Group, 1998). The focus was on understanding the interplay
between buoyancy exchange with the atmosphere, convergence
of warm waters into the region, the role of eddies in redistributing
heat, and the export of convected water masses via the boundary
currents. A number of results have emerged from this experiment.
Pickart et al. (2002) identiﬁed two distinct regions of convection
based on hydrographic data collected on a February–March, 1997
cruise. The ﬁrst regime was offshore of the boundary currents, in
deep water: this is the classical LSW (LSW1987-94 in Yashayaev et
al., 2007), formed when cold air masses coming off the North
American continent in winter lead to strong air–sea buoyancy
ﬂuxes, which in turn destabilize the water column and lead to
deep convection. In addition, convection was observed to occur
directly into the western boundary current, shoreward of the
3000-m isobath; this water mass was warmer, saltier and lighter
than classical LSW. Pickart et al. (2002) also noted that convection
did not occur in the eastern Labrador Sea, probably owing to the
stabilizing inﬂuence of a freshwater cap emanating from the
eastern rim current; nor did it occur farther north than AR7W,
again owing to higher ambient stratiﬁcation, in this case due to
eddies propagating westward from the eastern boundary.
Brandt et al. (2007) used a model of the subpolar North Atlantic
to examine and distinguish between transformation and ventila-
tion rates in the presence of moderate convection; they found a
transformation rate 6.8 Sv into the density class 27.74osyo27.83,
which includes LSW but also overﬂow waters. More typical
estimates of LSW formation range from 2 to 4 Sv (Khatiwala et al.
2002); Clarke and Gascard (1983) found that 105 km3 of LSW was
formed in 1976 (3.2 Sv, annualized). They also found rapid export of
recently transformed water via the deep Labrador Current.
Katsman et al. (2004) used a model to look at the restratiﬁcation
process following deep convection, and concluded that Irminger
Eddies, spun off from the boundary current on the eastern side ofthe Labrador Sea, were important to this process. Straneo (2006)
investigated the processes involved in deep convection and restra-
tiﬁcation in the central Labrador Sea, using data from two different
time periods. She noted that the source of heat for the central
Labrador Sea is warm Irminger Water that is ‘‘advected into the
basin, between 200 and 700 m, by the cyclonic boundary system.’’
She further noted that this region experiences net surface heat loss
to the atmosphere, balanced by a ‘‘convergence into the region due
to the oceanic circulation,’’ but she could not establish a correlation
between these two mechanisms. Here we take a different approach,
and consider the poleward ocean heat transport across AR7W, the
divergence or convergence of heat in the oceanic volume lying
between AR7W and Davis Strait, and the surface heat loss to the
atmosphere integrated over the entire area of the Labrador Sea
north of AR7W. This method integrates over regional scale processes
to give a larger-scale picture of the contribution of the Labrador Sea
to the meridional overturning circulation.
In order to make a meaningful estimate of ocean heat trans-
port into a closed basin, it is necessary to balance mass transport
(Hall and Bryden, 1982). In theory, the net mass transport cross-
ing the AR7W line must balance any net ﬂow through Davis Strait,
because: (1) PS2007 have shown that the Ekman contribution to
cross-track mass transport is small; (2) at Hudson Strait a north-
west ﬂow into the Hudson Bay approximately balances the
southeastward outﬂow, though the properties of the in- and
out-ﬂowing waters differ (Drinkwater, 1988); and (3) contribu-
tions from freshwater sources are several orders of magnitude
smaller than transports crossing AR7W (Khatiwala et al., 2002).
Curry et al. (2011) reported on mass, heat and freshwater ﬂuxes
crossing Davis Strait based on a one-year deployment (September,
2004, through August, 2005) of 14 moorings with instrumentation
measuring velocity, temperature and conductivity. They found
annual mean mass, heat, and freshwater ﬂuxes of 2.3 Sv, 20 TW,
and 116mSv (heat ﬂux was calculated relative to 01 C and fresh-
water ﬂux relative to 34.8). Peak mass transport occurs in June and is
about 4 Sv southward; in that month heat ﬂux is minimal, about
5–10 TW poleward.
Two points allowed PS2007 to make a meaningful calculation
of ocean heat ﬂux crossing AR7W. First, they assumed that the
Davis Strait ﬂow, coming from depths less than 600 m (the sill
depth) and densities mostly lighter than syo27.55, must occur
inshore of the 700-m isobaths (thus, outside their area of cover-
age). Second, their section represented a mean ﬂow over a period
during which the hydrographic properties were fairly steady.
However, the six sections we examined span a longer period of
time, during which properties evolved signiﬁcantly, as the strong
overturning of the mid-nineties gave way to a long period of
meager winter overturning. Thus, rather than trying to estimate a
mean ocean heat transport across AR7W for the period 1995–
2008, we have explored the heat ﬂux calculation for individual
sections, limiting ourselves to the 4 sections that had end-to-end
coverage in at least the hydrographic data: 1995, 1996, 2001
and 2003.
Because our LADCP-referenced geostrophic velocities do not in
general conserve mass, we have run an inverse calculation
(following Joyce et al., 2001) requiring that the circulation balance
mass to within 0.5 Sv overall; it must also balance mass within
certain limits for 6 density layers (for sy427.8, the amount is
0.3 Sv: see Table 2). In formulating the inverse, we add the Davis
Strait transport to the uppermost density layer. The calculation
yields velocity adjustments for each station pair, which generally
are small relative to the overall velocity proﬁle for a given station
pair, and therefore do not change the character of the velocity
sections appreciably. Fig. 8 demonstrates the effect of the inverse
procedure on the cumulative transport curve for 1995: the
maximum velocity adjustment for any pair of stations in the
Table 2
Allowed mass transport imbalances for given density layers when running inverse.
The totals do not include the Davis Strait transport, which is included in the
uppermost layer before the inverse is applied.
Density range Variance
syo27.55 2 Sv
27.55osyo27.71 1 Sv
27.71osyo27.74 1 Sv
27.74osyo27.776 1 Sv
27.776osyo27.8 1 Sv
sy427.8 0.3 Sv
Total (top to bottom) 0.5 Sv
0 100 200 300 400 500 600 700 800
−60
−50
−40
−30
−20
−10
0
10
20
30
Distance (km)
C
um
ul
at
iv
e 
Tr
an
sp
or
t (
S
v)
1995 Cumulative Geostrophic Transports
 
Bottom−rel. geos.
LADCP−ref. geos.
Mass−bal. inverse
Transport adj.
Fig. 8. Cumulative transport curves showing the effect of the inverse calculation
for 1995: shown are the curves for bottom-relative geostrophic velocity (solid gray
line); LADCP-referenced geostrophic velocity (dash-dotted black line); the curve
for the mass-balanced inverse solution (gray dashed line); and the individual
transport adjustments (not cumulative) for each station pair, calculated from the
inverse.
Table 3
Ocean heat transport crossing AR7W for different years (units are terawatts),
based on the LADCP-referenced geostrophic velocity ﬁelds to which an inverse has
been applied to balance mass transport. Three different cases are considered for
transport coming south through Davis Strait (DS; see text for more detail). Positive
transports are poleward.
Year DS¼4 Sv DS¼2.3 Sv No DS ﬂow
1995 0.10 11.5 32.2
1996 76.9 89.4 125.8
2001 50.6 66.2 92.3
2003 50.8 68.0 90.7
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region of low horizontal resolution, so that the mass transport
adjustment at that location is much larger than anywhere else on
the section (solid black line with diamonds). Overall, the adjust-
ment systematically brings the cumulative transport curve to
4 Sv, the amount required to accommodate the Davis Strait
inﬂow from the north.
For the four sections examined herein, we have considered
three different cases, and the results are summarized in Table 3.In the ﬁrst case (column 2 of Table 3), we have imposed a Davis
Strait transport of 4 Sv southward. That corresponds to the
measured transport for June in Curry et al. (2011); since the
AR7W sections were occupied in spring, this choice of DS trans-
port seems most logical. However, we have also considered two
other cases, shown in columns 3 and 4 of Table 3: in column 3 are
the results for the case of Davis Strait ﬂow of 2.3 Sv, the annual
average from Curry et al. (2011); and in column 4 we show results
for the heat ﬂux when the Davis Strait ﬂow is completely omitted.
For all cases, the computed heat ﬂux is by far smallest for 1995
and largest for 1996. The sections made in 2001 and 2003 yield
very similar results. For all four years, the heat ﬂux in column 2
(Davis Strait ﬂow of 4 Sv) is 10–15 TW lower than that in
column 3 (Davis Strait ﬂow of 2.3 Sv; 1 TW¼1012 W). That is an
interesting result because the difference between the June and
annual estimates of heat ﬂux through Davis Strait is the same size,
i.e., 10–15 TW.
Since the heat ﬂux through Davis Strait is northward, there is a
convergence of heat in the volume between that line and AR7W
equal to about 70 TW in 1996, and 45 TW in 2001 and 2003,
implying a sea surface to air heat ﬂux equal to that amount
between Davis Strait and AR7W. These numbers are essentially
independent of the choice of mass balance. For 1995, there is a
divergence of about 10 TW, implying heat gain by the ocean:
inspection of the hydrographic properties in the 1995 section
shows a much smaller volume of warm, salty Irminger Water
ﬂowing northward in the eastern boundary current than is typical
for the other years. This water is the source of heat for the basin to
the north, and a decrease in its volume necessarily leads to a
smaller (in this case, negative) ocean heat transport across AR7W.
For comparison, PS2007 computed northward heat ﬂux of
37.6 TW for their mass-conserving circulation above sy¼27.8
and offshore of the 700-m isobath,(implicitly assuming that the
Davis Strait transport would cross AR7W outside these limits). It
is true that the bulk of the heat ﬂuxes quoted above occurs over
that same domain. in the sections we have examined.
How do these values compare to air–sea heat ﬂuxes integrated
over the ocean surface between AR7W and Davis Strait? To
examine this, we have used the global ocean heat ﬂux product
provided by the WHOI OAFlux project (http://oaﬂux.whoi.edu,
funded by the NOAA Climate Observations and Monitoring (COM)
program; Yu and Weller, 2007; Yu et al., 2008). This dataset
provides net air–sea heat ﬂux in one-degree latitude by one-
degree longitude boxes (centered at half-degrees) in Wm2, for
both daily and monthly values. Using the monthly values, we
have integrated the heat ﬂux for the area east of 601W, south of
641 N, and northwest of AR7W: Fig. 9 shows the monthly time
series, the running annual mean of these values, the annual net
ﬂux for each year, and the ocean heat transport values computed
for AR7W (with the sign inverted to match the directional sense
of the air–sea heat ﬂux, with positive downwards). Annual values
range from 8 to 22 TW of heat going from the ocean into
the atmosphere, much smaller than the extreme monthly values
during winter and summer months. Ocean heat transport as
plotted (OHT) is actually the convergence of heat in the volume
between AR7W and Davis Strait for the June estimate in Table 3,
assigning northward OHT of 5 TW through Davis Strait.
Except for 1995, our values all run higher than the 1990–1997
mean of 37.6 TW presented in PS2007. They estimated annual
surface heat ﬂux north of AR7W to be 15.2 TW, and though
they felt this number was suspect, we calculate an overall mean
surface heat ﬂux for that period to be 17.4 TW. Clearly the
springtime ocean heat transport exceeds the annual mean surface
ﬂuxes, even if, as PS2007 suggest, we consider the annual to be
about 70% of the springtime value. If instead we consider mean
surface heat ﬂuxes for the period December through May, we ﬁnd
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Fig. 9. Area-integrated sea-air heat ﬂux values for a region north of AR7W from
the WHOI OAFlux project (see text), and directly computed ocean heat transport
values across AR7W: shown are the monthly values (blue line), the running annual
mean (mauve), the annual net (green dots), the winter-spring 6-month mean
(red), and individual ocean heat transport values for 4 AR7W occupations (black
stars). Positive ﬂuxes are into the ocean.
M.M. Hall et al. / Deep-Sea Research I 72 (2013) 72–87 85values that are similar in magnitude to our ocean heat transports,
ranging from 45 to 83 TW. This correspondence suggests that the
springtime AR7W sections sample the currents at a time when
cold water from the winter heat loss north of AR7W is being
exported southwards. Warm water parcels entering the Labrador
Sea on the northeast end of the line at velocities of 10–30 cm s1
would require 1–4 months to circle the perimeter of the basin and
exit at the southwest end. Some of this water enters the center of
the basin through instability processes, and is convected, yielding
surface heat loss to the atmosphere. Although we do not know the
details of how and when the cold water leaves the section, our
calculations suggest that it occurs in spring; this conclusion
agrees with Brandt et al. (2007)’s ﬁnding that transformed water
is rapidly exported away from the region.
During the summer months, surface heat ﬂuxes are into the
ocean, so substantial oceanic heat storage must occur during that
time. For example, the mean surface ﬂux for June is about 91 TW into
the ocean over the area in question, which is around 51011 m2.
Over a month’s time, a 91 TW heat ﬂux could heat a 100-m thick
layer over this entire area by about 1 1C. The additional heat being
transported by the ocean across AR7W into the volume implies some
additional heat storage, but clearly it is not difﬁcult to account for the
heat being transported across AR7W.
Away from the boundary currents, the circulation derived from
the inverse calculations mostly moves around water that main-
tains similar temperatures as it ﬂows north or south across AR7W.
If we look at how much heat is carried by each of the 6 density
layers, we ﬁnd that for the bottom 3 layers (sy427.74) the net
heat ﬂux is small compared to that carried by the top 3 layers.
Furthermore, although the interior contributions in the upper
3 layers are not negligible, the bulk of the heat transport is due to
the boundary currents, and speciﬁcally is associated with the
Irminger Water, which is consistent with previous studies, dis-
cussed above, that use different approaches to examine heat ﬂux
in the Labrador Sea.5. Discussion
The Labrador Sea inﬂuences the greater ocean circulation
through export of locally formed water masses and modiﬁca-
tion of the boundary current system as it rounds the basin. It istherefore important to understand the role of atmospheric forcing
mechanisms that affect these aspects, particularly at interannual
to decadal time scales, which are relevant to climate prediction. A
number of authors have examined the relationship of the North
Atlantic Oscillation (NAO) to different aspects of Labrador Sea
variability, with assorted conclusions.
Hurrell and Deser (2009) claimed to ﬁnd that interdecadal
changes in the strength of winter convection in the northern
North Atlantic are synchronized with variations in the NAO.
However, other authors (e.g., Khatiwala et al., 2002) seem to
agree that at longer time scales (interannual, decadal), while the
NAO does indeed inﬂuence winter convection, it is also necessary
to include the oceanic ‘‘memory,’’ or preconditioning, crucial to
deep water formation. This is the result of the ocean integrating
atmospheric forcing over a number of years. Lohmann et al.
(2009) invoked a similar dynamic to explain an observed weak-
ening of the subpolar gyre in the mid-1990s. Furthermore,
Yashayaev (2007) pointed out that what appears to be a high
correlation between the NAO and the air–sea heat ﬂux in the
Labrador Sea is ‘‘largely a result of the low frequency shift in the
atmospheric conditions between the 1960s and early 1990s.’’ He
also noted that correlations of convection with the NAO do not
persist at shorter time scales. In our work, we have too few
samples of ocean heat transport crossing AR7W to draw connec-
tions with forcing mechanisms in any meaningful way. The
convergence of heat in the oceanic volume between AR7W and
Davis Strait is expected to compensate the loss of heat from the
ocean to the atmosphere, but these surfaces ﬂuxes vary drama-
tically over a year, and heat storage is a key component of
the balance, as discussed by Yashayaev and Loder (2009). It is
not surprising that Straneo (2006) could not ﬁnd a correlation
between regional heat convergence and surface ﬂuxes, since that
balance is expected to obtain over larger geographic scales, as we
consider here. Even though the AR7W sections are a snapshot in
time, they provide some guidance concerning the expected value
of ocean heat transport across AR7W, and how it might be related
to the surfaces ﬂuxes occurring in previous months.
Other authors have considered the link between Labrador
Current transport and the NAO. Han et al. (2010), using satellite
data in combination with hydrography, found a correlation
between Labrador Current transport anomalies and the winter
NAO index at ‘‘essentially zero lag.’’ They found a 6 Sv decline in
the transport in 1996, followed by a 3 Sv recovery in the early
2000s, which we do not. However, they used the synoptic AR7W
hydrographic data as a proxy for the seasonal mean, when
combining it with the altimetry. Such an assumption might not
be appropriate, given the intraseasonal variability found by
Fischer et al. (2004, 2010), with a strong peak at periods of 10–
20 days, i.e., more or less the time frame over which the data are
collected.
This paper is a ﬁrst attempt to investigate the interannual
variability of the transports crossing AR7W from direct velocity
measurements. There are marked differences in the velocity ﬁeld
from year to year, especially in the boundary current transports;
but, as we have noted, shorter-term variability may be as large as
the longer-term signal, if not larger. Sustained long-term velocity
measurements would be required to separate the short- and long-
term variability, as Fischer et al. (2010) have done in the DWBC.
On the other hand, our composite section appears to be a
reasonable representation of the (springtime) mean, if we com-
pare our boundary current results with those calculated by other
authors based on longer time series composed from both direct
and indirect current measurements; the qualitative structure of
the velocity ﬁeld is strikingly similar to that of Pickart and Spall
(2007), but our absolute velocities are stronger and the horizontal
gradients sharper.
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velocity along AR7W is dominated by top to bottom bands of
unidirectional ﬂow. Geostrophic velocity calculations therefore
require an absolute velocity measurement for reference, since
there is no level of no motion: complementary LADCP data are
well-suited to this. Fischer et al. (2004) had found this result in
the western boundary current, and we have extended it to the
entire AR7W section. In addition, because the direction of ﬂow
generally changes little with depth, data from the vessel-mounted
ADCP might be useful for ﬁlling in the velocity ﬁeld between deep
CTD/LADCP stations, though the deep LADCP measurements are
superior for referencing the geostrophic velocity. In both bound-
ary currents, steep bottom topography presents a challenge when
one tries to calculate transports: ﬁner station spacing would
address this problem, as well as help to resolve the dual core of
the Labrador Current at the southwestern end, and the location of
the recirculation at the northeastern end.
The discovery of the bottom current along the NAMOC makes
additional direct velocity measurements obtained there with both
shipboard and moored instrumentation an imperative: indeed, it
would be a good location for a process study to determine how
overﬂow water property signals propagate through the Labrador Sea.
Scientists at BIO in Dartmouth (Nova Scotia, Canada) continue
to occupy the AR7W section annually, now using their own
LADCP. The continuity of this program over the last 20 years
has provided a database that has contributed to our understand-
ing of the Labrador Sea circulation. In this paper, we have
speciﬁcally examined ocean heat transport and boundary current
variability. Going forward, it is important to recognize that water
mass changes, which both reﬂect and can have an effect on
climatic changes, also occur over decadal-range periods.
Yashayaev (2007), for example, used almost 50 years of hydro-
graphic data in the Labrador Sea to examine the evolution of
properties in the LSW. A warm and salty regime characterized the
late 1960s and early 1970s, giving way to a colder, fresher regime
in the late 1980s and early 1990s, which in its turn is being
replaced by warmer and more saline conditions (Yashayaev and
Loder, 2009).
The utility of satellite observations continues to expand to new
applications, such as studying high frequency variability of the
boundary currents and also of the central region of the Labrador
Sea. Such measurements are useful for separating the low
frequency changes in current transport related to subpolar gyre
strength, for example, from shorter term changes, including those
associated with mesoscale eddies. However, it is still crucial to
have some direct velocity measurements, like the LADCP data, for
both ground-truthing the remote sensing data and in-depth
studies of oceanic features, phenomena and processes. Since our
climate is not in a steady state, it behooves us to maintain such
observational networks, which can measure water characteristics
and current transports on an ongoing basis, because they may be
harbingers of future changes.Acknowledgments
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The smoothing scales are 20 km in the horizontal and 50 m in
the vertical. We refer to the along-track distance as X, and for the
most part limit our discussion to the range X¼0–760 km (i.e.,
excluding the inner shelf at the southwest end: see horizontal
axes in Fig. 3). In many cases, the data did not reach these limits,
and we have dealt with this in several ways. For the cumulative
transport curves in Fig. 4, we have limited the calculation to the
range in X over which we have actual observations. To determine
the boundary current transports in Table 1 directly from the
LADCP data, we ﬁrst note that for those sections with the best
onshore coverage, velocity in the western boundary current goes
to zero around X¼0–20 km. At the eastern end, we also assume
that the velocity goes to zero at X¼760 km. Thus, we can insert a
uniformly zero velocity proﬁle at X¼0 (or 760) before performing
the objective mapping. In this way we hope to minimize the error
incurred by missing part of the boundary current transport.
Bottom topography is ﬁxed as that along the ideal AR7W line,
as shown in Fig. 3, and is resolved to 1 km in the horizontal when
computing volume transports.References
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